Spin-orbit coupling inactivity of Co 2+ ion in geometrically frustrated magnet GeCo 2 04 



O 

(N 

G 

c3 



Keisuke Tomiyasu^'B Ayaka Tominaga, 2 Shigeo Hara, 2 Hirohiko Sato, 2 Tadataka 
Watanabe, 3 Shin-Ichi Ikeda, 4 Kazuaki Iwasa, 1 and Kazuyoshi Yamada 5 

1 Department of Physics, Tohoku University, Aoba, Sendai 980-8578, Japan 
2 Department of Physics, Chuo University, Bunkyo, Tokyo 101-8324, Japan 
'Department of Physics, CST, Nihon University, Chiyoda, Tokyo 101-8308, Japan 
Nanoelectronics Research Institute, National Institute of AIST, Tsukuba 305-8568, Japan 
5 WPI AIMR, Tohoku University, Aoba, Sendai 980-8577, Japan 
(Dated: January 5, 2011) 

We report single-crystal neutron diffraction studies on a spinel antiferromagnet GeCo2 04, which 
exhibits magnetic order with a trigonal propagation vector and tetragonal lattice expansion (c/a ~ 
1.001) below Tn = 21 K. For this inconsistency between spin and lattice in symmetry, magnetic 
Bragg reflections with a tetragonal propagation vector were discovered below Tn. We discuss spin 
and orbital states of Co 2+ ion underlying the new magnetic component. 
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Geometrical frustration causes mysterious spin-orbital- 
lattice states. In spinel- type oxides AB2O4, where A and 
B are metal ions, the B site octahedrally surrounded by 
anions forms a network of corner-sharing tetrahedra, also 
known as the pyrochlore lattice, which is geometrically 
frustrated. Recently, exotic phenomena in spinel-type 
magnets with orbital degree of freedom have attracted 
much attention. For example, AV2O4 {A = Zn, Mn, Li, 
Al) with t^g orbital degree of freedom exhibit spin and 
orbital chain, orbital ordering, heavy fermion behavior 
and heptamer spin singlet state [lJ-Q] - 

A spinel-type antiferromagnet GeCo204 (Co 2+ : d 7 , 
S = 3/2) is also expected to have degree of freedom in tig 
orbital states The cobaltite simultaneously exhibits 
magnetic long-range order described by a trigonal propa- 
gation vector Q u = (1/2, 1/2, 1/2) and cubic-tetragonal 
lattice expansion at T N = 21 K (c/a ~ 1.001) @,0|. The 
spin and lattice symmetries contradict each other. 

A NaCl-type antiferromagnet CoO (Co 2+ : d 7 , S = 
3/2) once had the same problem: this material also ex- 
hibits magnetic order with Q u and tetragonal lattice con- 
traction below T N = 290 K (c/a ~ 1.01) However, 
careful neutron diffraction experiments later revealed the 
existence of additional antiferromagnetic order with a 
tetragonal propagation vector Qj=(0,0,l) [llj. There- 



fore, GeCo204 likely hides an additional magnetic order 
with tetragonal symmetry as well. 

In this paper, we report our discovery of magnetic 
Bragg reflections with a tetragonal propagation vector 
by single- crystal neutron diffraction on GeCo2 04. The 
spin and orbital state of Co 2+ ion is discussed in com- 
parison with that in CoO. 

Neutron diffraction (elastic scattering) experiments 
were carried out on a triple-axis spectrometer, AKANE 
(Tl-2) of Institute of Materials Research, Tohoku Uni- 
versity, installed at the thermal guide tube of JRR-3 in 
Japan Atomic Energy Agency (JAEA) [H] and TOPAN 
(6G) of the same University, installed at the same reac- 



tor. AKANE equips a Ge 311 monochromator and a PG 
002 analyzer, and effectively eliminates higher-order con- 
tamination without a filter because of a Ge 622 forbidden 
reflection. Incident energy was fixed at E\ — 19.4 meV 
with horizontal collimation sequence of guide-open-60'- 
60'. On TOPAN, E { was fixed at 13.5 meV and 30.5 meV 
with that of blank-60'-60'-blank. Usually one pyrolytic 
graphite filter is used to eliminate the half-lambda con- 
tamination, but we used two filters to completely elimi- 
nate it down to the order of 10 -6 . A single- crystal rod 
of GeCo2 04 was enclosed in an aluminum container with 
He exchange gas, which was mounted on the cold finger 
of a 4 He closed-cycle refrigerator. The crystal rod was 
grown by a floating zone method. Detail of the crystal 
growth was summarized in Ref. 13]. The size of rod is 
about 4 mm diameter and 20 mm height. 

Since our crystal has multiple tetragonal domains and 
the 1 1 — c/a| value is only 0.1%, we cannot distinguish 
001 and 100 (parallel and perpendicular to the tetragonal 
axis) in the present experiments. Hereafter we use the 
cubic notation for arbitrary hkl indices and propagation 
vectors. 

Figure QJa) shows the neutron diffraction data, ob- 
tained by scanning along the (100) direction below and 
above Tn with E\ = 19.4 meV. The unreported reflec- 
tion is observed at the 100 reciprocal lattice point only 
below Tn- Figure 0Jb) shows the data of 100 reflection 
and equivalent 300 one below Tn- The former intensity is 
much stronger than the latter one, indicating that these 
reflections are magnetic. 

The integrated intensity ratio of 100 reflection to con- 
ventional 1/2 1/2 1/2 magnetic Bragg reflection is only 
less than 1/500. Therefore, in order to completely elimi- 
nate the doubt of double reflection (multiple scattering), 
we carried out the same scans with different E\ = 13.5 
and 30.5 meV. Since multiple scattering is very sensitive 
to the reflection angles, it should instantly disappear for 
different E\. As shown in Fig. QJc), however, the 100 re- 
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FIG. 1: (Color online) Neutron diffraction data, measured on a single-crystal specimen of GeCo2 04. The 100 reflection (a), 
comparison between 100 and 300 reflections (b), 100 reflections with different Ei (c), 110 reflection (d), 1/2 1/2 1/2 reflection 
(e) and temperature dependence of integrated intensity of 100 and 1/2 1/2 1/2 reflections (f). 



flection was observed for the different Ei again. Thus the 
100 magnetic reflection undoubtedly exists. 

We also confirmed the existence of temperature- 
dependent reflections at 110, 112 and 221. The 110 data 
is shown in Fig. [TJd) as the representative. All the new 
reflections are described by Q 1 = (1,0,0). 

Figure []Je) shows the data of conventional 1/2 1/2 1/2 
magnetic Bragg reflection. The linewidth of the 100 re- 
flection is as sharp as that of the 1/2 1/2 1/2 one, mean- 
ing that the correlation length of Q l order is longer than 
the instrumental resolution limit of 130 A (full width at 
half maximum). Figure [IJf) shows the temperature de- 
pendence of integrated intensities of 100 and 1/2 1/2 1/2 
reflections. Both the magnetic reflections disappear at 
Tn = 21 K with increasing the temperature. 

In this way, we discovered the additional Q l magnetic 
long-range order, which simultaneously appears below Tn 
in addition to the dominant Q n one. 

We discuss the magnetic structure described by Q l . 
The present experiments cannot distinguish (1,0,0) and 
(0,0,1) for Q I . In the tetragonal lattice expansion 
however, spin interaction is expected to be more domi- 
nant in the c plane than along the c axis; (1,0,0) is more 
plausible than (0,0,1). In fact, Qj is equal to (0,0,1) in 
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CoO with lattice contraction 

Furthermore, recent ultrasound measurements re- 
ported that, as temperature decreases, longitudinal elas- 
tic moduli not only along the (111) direction but also 



the (110) direction remarkably soften towards Tn [f|. 
The softening along the (111) direction is most likely 
connected to the trigonal magnetic ordering by strong 
spin-lattice coupling [5| . Although an origin of the other 
softening has been unresolved, this suggests that the Q I 
order is composed of spin chains along the [110] and [110] 
directions in the c plane, as shown in Fig.J^a). 

Determination of more precise magnetic structure is 
difficult owing to the complex structure of pyrochlore 
lattice, the multi-domains and the neutron absorption 
effect of Co nuclei. Even for an isomorphic cubic ma- 
terial GeNi2C>4 with no strong absorption, single-crystal 
polarized neutron diffraction experiments have recently 
determined its magnetic structure at last. [3] 

The Q l magnetic order in GeCo204 can be understood 
in the standard orbital picture under tetragonal lattice 
expansion described as {d yz ) 2 , (d zx ) 2 , {d xy ) 1 , (d 3z 2_ r 2) 1 
and (d x 2_ y 2 ) 1 . An unpaired electron occupies d xy with- 
out orbital degree of freedom in t 2g states below Tn. This 
electron will lead to kinetic direct exchange between the 
nearest neighbor Co 2+ ions 0] , and will promote the for- 
mation of spin chains shown in Fig. O If so, however, it 
is interesting that a Co 2+ ion would exhibit the character 
of d xy orbital, normally vanished by spin-orbit coupling 
like in CoO (S = 3/2, L = 1, m ~ 4 fin). [SOU In fact, 
the Curie- Weiss fitting to magnetic susceptibility data 
gives us magnetic moment of about 4.9 /j,b for GeCo204, 
which is much larger than the spin-only value 3 17|. 
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FIG. 2: (Color online) Spin and orbital model for Q l com- 
ponent in GeCteCM. The orange bold lines show the antifer- 
romagnetic spin chains connected by d xy orbital states. The 
orbitals with up and down spins (black and white polygons) 
on one chain are depicted as the representative. 

Therefore, it seems that the LS orbital state [L ~ 1 /xb) 
with Qu component is dominant, and that the non-LS 1 
{dxy) character with Q l component supplementarily adds 
to the LS state. 

We consider why the spin-orbit coupling tends to be 
inactive in GeCo2C>4 compared to in CoO. The Co 2+ ions 
with S — 3/2 have a hole in ti g orbital states, which gen- 
erates L characters [15| . Since the former and latter ma- 
terials undergo tetragonal lattice expansion and contrac- 
tion below Tn, respectively [7|, |9j, [10| , the hole will occupy 
d xy in the former one and degenerated d yz or d zx in the 
latter one. Furthermore, the d xy , d yz , d zx , d x 2_ y 2 and 
d 3z 2_ r 2 states are connected to L states by the following 
equations, d xy = (|2) - |-2))/V2, d yz = (|1) + \-l))/y/2, 
d zx = (|1> - \-l))/(-V2), d x 2_ y 2 = (|2) + \-2))/V2 
and d% z 2_ r 2 = |0), where the kets mean \L Z ) states with 
L = 2 [15j. Therefore, unless d x 2_ y 2 is degenerated with 
d xy , the spin-orbit coupling cannot split d xy to the pure 
L states of |2) and |— 2), which is consistent with the in- 
activity. In contrast, the degenerated d yz and d zx states 
can transform to |1) and | — 1) by linear combination be- 
tween themselves. 

In summary, by single- crystal neutron diffraction on 
GeCo2 04, we discovered an additional Q l magnetic long- 
range order, which simultaneously emerges at Tn with 
the dominant Q u one. The Q l vector matches the tetrag- 
onal lattice deformation below Tn in symmetry. This dis- 
covery suggests the appearance of t2 g character in Co 2+ , 



normally vanished by spin-orbit coupling like in CoO. 
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